We have investigated the in¯uence of p53 on radiationinduced G2 cell cycle arrest using human H1299 cells expressing temperature-sensitive p53. Gamma-irradiated cells lacking p53 arrested transiently in G2 with Cdc2 extensively phosphorylated at the inhibitory sites Thr14 and Tyr15, and with both Cdc2 and cyclin B1 restricted to the cytoplasm. Activation of p53 by temperature shift resulted in a more protracted G2 arrest that could not be overridden by checkpoint-abrogating drugs. Surprisingly, this enhancement of G2 arrest was associated with a marked lack of inhibitory phosphorylation of Cdc2 and with the nuclear localization of both Cdc2 and cyclin B1. While transient expression of an A14F15 mutant form of Cdc2 that is not subject to inhibitory phosphorylation induced mitotic catastrophe in cells lacking p53, the p53-expressing cells were relatively refractory to this eect. Enforced expression of p21 WAF1/CIP1 was sucient to confer nuclear localization on Cdc2 in the p53 null cells, though immunodepletion experiments demonstrated that only a small proportion of Cdc2 was stably associated with p21 WAF1/CIP1 in the p53-expressing cells. We conclude that a p53-dependent pathway can operate after exposure of human cells to ionising radiation to promote G2 arrest accompanied by nuclear translocation rather than inhibitory phosphorylation of Cdc2.
Introduction
After exposure to genotoxic agents such as ionizing radiation (IR), alkylating agents or ultraviolet light, eukaryotic cells activate a variety of intracellular signalling pathways; these act to delay cell cycle progression at`checkpoints' in the G1, S or G2 phases and activate DNA repair. Cell cycle delay is generally considered to promote cell survival by allowing time for the completion of repair processes, and in some experimental systems this has been shown to be the case (McDonald et al., 1996; Waldman et al., 1997; Weinert and Hartwell, 1988) . In higher organisms, additional mechanisms may be engaged to initiate apoptotic cell death if the level of DNA damage exceeds the inherent threshold for a particular cell type (Wyllie, 1995) . The long-term fate of any given cell exposed to such damage therefore depends upon the intactness and relative eciencies of these signalling pathways.
Checkpoint pathways mediating cell cycle arrest in G1 or G2 are thought to operate through the inhibition of cyclin-dependent kinases (CDKs) required for the major cell cycle transitions at the onset of S phase and mitosis. The tumour suppressor p53 appears to be essential for normal checkpoint arrest in G1 following irradiation of mammalian cells (Kastan et al., 1991; Kuerbitz et al., 1992) . This requirement for p53 is largely explicable in terms of its induction of the p21 WAF1/CIP1 CDK inhibitor after DNA damage, with consequent inhibition of CDKs required for S phase entry (Brugarolas et al., 1995; Deng et al., 1995; Waldman et al., 1995) . An alternative pathway involving radiation-induced inhibitory phosphorylation of Cdk4 at Tyr19 may also contribute to the eciency of G1 arrest in some systems (Terada et al., 1995) . By contrast, radiation-induced inhibition in G2 of the highly-conserved mitosis-promoting CDK, Cdc2, is thought to be mediated primarily by phosphorylation of the kinase at two inhibitory amino acid residues, Thr14 and Tyr15 (Blasina et al., 1997; Gould and Nurse, 1989; Herzinger et al., 1995; Jin et al., 1996; Krek and Nigg, 1991a; Norbury et al., 1991; Ye et al., 1997) , though alternative mechanisms for Cdc2 inhibition, as yet unde®ned, appear to operate in a variety of experimental systems (Amon et al., 1992; Jin et al., 1996; Lee and Kirschner, 1996; Sorger and Murray, 1992) . Thr14 and Tyr15 can also become phosphorylated to block mitotic entry following the activation of a distinct checkpoint pathway signalling incomplete DNA replication (Blasina et al., 1997; Enoch et al., 1991; Norbury et al., 1991; Ye et al., 1996) . Phosphorylation of these residues is carried out by protein kinases of the Wee1/Mik1/Myt1 family (Liu et al., 1997; Lundgren et al., 1991; Mueller et al., 1995; Russell and Nurse, 1987) . Inhibitory phosphorylation of Cdc2 is associated in mammalian cells with the restriction of the kinase and its mitotic heterodimerization partner cyclin B1 to the cytoplasm (Heald et al., 1993; Pines and Hunter, 1991) . At mammalian prophase, Cdc2-cyclin B1 heterodimers are relocalized to the nucleus, concomitant with removal of the inhibitory phosphate groups by Cdc25 phosphatase(s), activating the CDK and hence initiating the major events of mitosis. Some authors have concluded that nuclear exclusion of Cdc2-cyclin B heterodimers may be coordinated with inhibitory phosphorylation of the Cdc2 subunit (Heald et al., 1993) .
Recent evidence obtained using Schizosaccharomyces pombe, Xenopus egg extracts and human cells has provided the basis for an extended model of the G2 DNA damage checkpoint revolving around regulatory phosphorylation events (Furnari et al., 1997; Peng et al., 1997; Sanchez et al., 1997) . In this model, DNA damage triggers activation of kinases of the Rad3/ Mec1/Tel1/ATM family, which either directly or indirectly activate the downstream kinase Chk1. In turn, Chk1 phosphorylates Cdc25, promoting its sequestration by 14-3-3 protein(s). As long as the pathway is activated, Cdc25 remains inaccessible, Cdc2-cyclin B heterodimers remain inactive and the cell remains in G2. In some experimental systems, the G2 checkpoint arrest can be overcome by treatment of cells with methylxanthines such as caeine or protein kinase inhibitors such as 2-aminopurine, staurosporine and UCN-01 (7-hydroxystaurosporine) (Andreassen and Margolis, 1992; Musk and Steel, 1990; Tam and Schlegel, 1992; Wang et al., 1996) , though the relevant biochemical targets of these agents have not yet been described.
A number of recent studies have suggested that p53 might also participate in a pathway promoting cell cycle arrest in G2. Inducible expression of p53 or its downstream eector p21 WAF1/CIP1 was shown to induce arrest in both G1 and G2 (Agarwal et al., 1995; . Furthermore, cells lacking functional p53 were shown to be speci®cally sensitized to the G2 checkpoint-overriding activities of methylxanthines or UCN-01 (Fan et al., 1995; Powell et al., 1995; Russell et al., 1995; Wang et al., 1996; Yao et al., 1996) . This relaxation of G2 checkpoint control was in some instances correlated with enhanced cytotoxicity when cells were exposed to combinations of DNA damaging agents and checkpoint-inhibitory drugs. These ®ndings raise the exciting possibility that such combinations could be used therapeutically to target cancer cells speci®cally, since p53 function is compromized or absent in the majority of human tumours. Taken together, these data suggest that p53 can in¯uence arrest in G2, though the intactness of the G2 checkpoint in mammalian cells lacking functional p53 (and in lower eukaryotes) clearly demonstrates that p53-independent mechanisms, presumably centred on inhibitory phosphorylation of Cdc2, are of major importance.
In this study we have investigated the impact of p53 activation on the G2 DNA damage checkpoint in human lung cancer cells. In line with a number of recent reports, we found that the duration and robustness of G2 arrest were increased if p53 was activated after gamma irradiation. Surprisingly, G2 arrest under these circumstances was accompanied by loss of inhibitory phosphorylation of Cdc2 and its translocation to the nucleus. Thus p53 activation after irradiation can lead to Cdc2 inhibition by a mechanism that operates independently of phosphorylation on Thr14 and Tyr15.
Results

Functional p53 reinforces radiation-induced G2 checkpoint arrest in H1299 cells
In order to investigate the eect of p53 activation on radiation-induced G2 arrest we made use of a pair of transfectants derived from the p53-null human nonsmall cell lung cancer cell line NCI-H1299. The transfectant H1299tsp53 stably expresses a temperature-sensitive (Ala138>Val) human p53 which adopts the transcriptionally inactive, mutant conformation at 37 ± 398C, but behaves as wild-type at 328C (Yamato et al., 1995) . In these cells, p53 is transcriptionally active only when the incubation temperature is shifted from 378C to 328C (Sandri et al., 1996 ; see also Figure 5a ). Like the parental cell line, the control transfectant H1299neo completely lacks p53. As p53 activation is known to induce a p21
WAF1/CIP1
-dependent G1 arrest, we used an experimental protocol in which cells synchronized in early S phase with aphidicolin were exposed to IR before shift-down to 328C, with consequent activation of p53 in H1299tsp53 (but not in H1299neo). In this way we activated p53 and/or G2 checkpoint pathways in cell populations that had already progressed beyond the G1 checkpoint; we were therefore able to examine speci®cally the in¯uence of p53 on cells arresting in G2. Flow cytometric analysis demonstrated that both H1299tsp53 and H1299neo arrested with a G2/M DNA content 24 h after exposure to 6 Gy IR delivered in early S phase (IR; Figure 1a ). By this time, control cells that were mock-irradiated (no IR) had progressed through mitosis and were in G1 or S phase of the next cycle. The IR-induced G2/M arrest was overridden in H1299neo but not in H1299tsp53 by the addition of 4 mM caeine to the medium for the 24 h period between 24 and 48 h after irradiation. The resultant reappearance of H1299neo cells in G1 was a consequence of caeine-induced progression through mitosis, as it was blocked by the simultaneous addition of the spindle inhibitor nocodazole, which caused cells to accumulate in mitosis. The IR-induced G2/M arrest was also more protracted in H1299tsp53 than in H1299neo in the absence of caeine (0 ca; Figure  1a) . Incubation of the cells at 378C after irradiation produced cell cycle pro®les for H1299tsp53 that were indistinguishable from those seen for H1299neo (not shown). Thus the IR-induced G2/M arrest in these cells was transient and caeine-sensitive in the absence of functional p53, but more protracted and caeineinsensitive in its presence.
In order to establish what proportion of the cells with a G2/M DNA content were in G2, rather than mitosis, nuclear morphology was scored for a minimum of 200 Hoescht 33258-stained cells of each line at 24 and 48 h after irradiation (Figure 1b and c) . Mitotic entry was scored independently by examining the intactness of the nuclear lamina in cells processed in parallel for anti-lamin B immuno¯uorescence (Figure 1d ). At 24 h ( Figure 1b ) the mitotic index of H1299neo (7.6%) was signi®cantly higher than that seen in H1299tsp53 cells, which were arrested almost exclusively in G2 (nuclear lamina intact; mitotic index 0.9%; P50.0001). The H1299tsp53 cells remained arrested in G2 until at least 48 h after IR, at which time a low level of apoptotic cell death was also observed (Figure 1c ). In contrast, H1299neo arrested only transiently in G2, and at 48 h the signi®cantly higher mitotic index of H1299neo (P=0.001) was associated with a signi®cantly (P=0.04) greater percentage of apoptotic nuclei compared to that seen in H1299tsp53 (Figure 1c ). In line with the presence of mitotic H1299neo cells as early as 24 h after IR ( Figure  1b, d ), Cdc2 histone H1 kinase activity was 2.9-fold higher in H1299neo than in H1299tsp53 at this time (Figure 1e ). To investigate the biochemical basis for the caeineresistant and caeine-sensitive G2 checkpoint arrests,
we assessed the phosphorylation state of Cdc2 and levels of expression of Cdc2 and cyclin B1 in these cell lines (Figure 2 ). Cyclin B1 levels were comparable in the aphidicolin-arrested populations and remained essentially unchanged at 24 h after IR regardless of p53 status, but were lower in H1299tsp53 than in E Figure 1 Radiation-induced G2 arrest in the presence and absence of functional p53. (a) Flow cytometric analysis of the DNA content of H1299neo cells lacking p53 (7) and H1299tsp53 cells expressing temperature-sensitive p53 (+). Exponential, asynchronous cells growing at 378C (pre) were synchronized by the addition of aphidicolin for 17 h (aphidicolin) prior to 6 Gy girradiation and shift down to 328C for 24 h (IR). Mock irradiated controls (no IR) were otherwise treated identically and were harvested in parallel 24 h after shift-down to 328C. Throughout the period from 24 and 48 h after irradiation, cells received either no caeine (0 ca) or 4 mM caeine with (4 ca + noc) or without (4 mM ca) the mitotic spindle inhibitor nocodazole. Data from 10 000 cells were used for each analysis. H1299neo by 48 h. Though there were dierences in cell cycle distribution between the two cell lines at this time point (Figure 1 ), it is perhaps surprising that the lower cyclin B1 level was found in H1299tsp53, as these cells were almost exclusively in G2, where cyclin B1 expression might be expected to be high. Caeine treatment throughout the 24 ± 48 h period after IR led to a reduction in cyclin B1 level in H1299neo (CAFF; Figure 2 ), in keeping with the observed progression of these cells through mitosis ( Figure 1 ). The total Cdc2 content of the cell lines did not vary appreciably up to 48 h after IR and was not in¯uenced by caeine treatment, but striking dierences were seen in the patterns of Cdc2 phosphorylation at Thr14 and Tyr15 (Figure 2 ), as judged by the diagnostic electrophoretic mobilities of the Cdc2 isoforms (Norbury et al., 1991) . During arrest in aphidicolin and at 24 h after IR, Cdc2 was extensively phosphorylated in H1299neo, but rather less so in H1299tsp53 (83 and 31% phosphorylated at Thr14 and/or Tyr15 24 h after IR, respectively). By 48 h after IR many of the H1299neo cells had passed through mitosis, with a consequent reduction in the level of Cdc2 phosphorylation from 83 to 47%, but this was still substantially higher than that seen in the almost exclusively G2-arrested H1299tsp53 cells (10%). Under-phosphorylation of Cdc2 in the G2-arrested population was unexpected, as radiation-induced G2 arrest in mammalian cells is generally associated with hyperphosphorylation of Thr14 and Tyr15 (Blasina et al., 1997; Herzinger et al., 1995; Jin et al., 1996) . Caeine treatment of H1299neo resulted in a substantial decrease in Cdc2 phosphorylation, as expected in a population induced to progress through mitosis, but no signi®cant further decrease in the level of Cdc2 phosphorylation in the caeine-resistant H1299tsp53.
Cells expressing functional p53 are relatively refractory to Cdc2A14F15 expression
We inferred from the persistence of Thr14, Tyr15 dephosphorylated Cdc2 in the H1299tsp53 cells that a mechanism of Cdc2 inactivation other than inhibitory phosphorylation was likely to underlie the robust G2 arrest seen in this line. If this were the case, then H1299tsp53 cells might be expected to be relatively resistant to the eect of transient overproduction of the mutant Cdc2A14F15 form of Cdc2 that is not subject to inhibitory phosphorylation. Expression of this form of Cdc2 in HeLa, a human cervical carcinoma cell line that expresses papillomavirus E6 protein and is therefore p53-compromised, disrupts mitotic controls and leads to unscheduled entry into mitosis, nuclear fragmentation and cell death (Blasina et al., 1997; Jin et al., 1996; Krek and Nigg, 1991b) . Transient transfection into H1299neo or H1299tsp53 of a plasmid encoding wild-type Cdc2 had no marked eect on the nuclear morphology of the cells at 24 h after transfection, regardless of whether or not the cells were irradiated (6 Gy) 24 h before being harvested (Figure 3a , b, e; note that transient transfection of the H1299 derivatives had the generalized eect of reducing the normal mitotic index in all cases). In contrast, expression of Cdc2A14F15 induced substantial nuclear fragmentation in H1299neo (Figure 3c ), as previously reported for HeLa cells. The proportion of the cells aected was increased by irradiation at the time of transfection (Figure 3d ). By comparison with H1299neo, H1299tsp53 were signi®cantly, though not entirely, resistant to the induction of nuclear fragmentation by Cdc2A14F15 (Figure 3c, d ; P=0.006 and 0.0001 for unirradiated and irradiated cells, respectively). These dierences were not explicable in terms of dierent levels of Cdc2 expression in the two cell lines, as shown in Figure 3g , which also serves to demonstrate that the level of Cdc2A14F15 expression required to induce mitotic catastrophe in H1299neo was relatively modest. Incubation of the cells at 378C after irradiation almost eliminated the dierence in response to Cdc2A14F15 expression (Figure 3e ), implicating altered p53 activity as the underlying cause of this dierence.
Overexpression of cyclin B1 in HeLa cells has been shown to shorten the duration of G2 delay after IR (Kao et al., 1997) . Given the reduction in cyclin B1 protein level seen at 48 h after IR in H1299tsp53, we examined the possibility that modulation of cyclin B1 levels might be relevant to the in¯uence of p53 status on G2 checkpoint eciency. Transient overexpression of cyclin B1 did not induce catastrophic unscheduled mitosis in either H1299neo or H1299tsp53, regardless of whether or not the cells had been irradiated ( Figure  4a and b) , despite the fact that cyclin B1 protein was substantially overproduced in the cyclin B1 transfected cells (CycB; Figure 4c ) compared to mock transfected controls (No DNA).
Association between p21
WAF1/CIP1 and Cdc2 in irradiated cells expressing functional p53
The data presented above suggest that H1299 cells expressing functional p53 are capable of inhibiting the mitosis-promoting and biochemical activities of Cdc2 by a mechanism that does not involve inhibitory phosphorylation of Cdc2. Given that one of the best characterized downstream targets of p53 is p21
, a CDK inhibitor, we next investigated the possibility that p21
WAF1/CIP1 might interact signi®cantly with Cdc2
Figure 2 Protracted G2 arrest in H1299tsp53 cells does not require persistent inhibitory phosphorylation of Cdc2. Immunoblot analysis of Cyclin B1 (CycB) and Cdc2 in H1299neo (7) and H1299tsp53 (+) cells, presynchronized in early S phase (APHID), incubated at 328C for 24 h following 6 Gy IR (IR 24 h) and incubated for a further 24 h (IR 48 h) either without or with 4 mM caeine (CAFF). Cdc2 phosphorylated at Thr14 and/or Tyr15 (Cdc2 P) is visualized as the two upper bands of characteristically reduced mobility (Norbury et al., 1991) ; dephosphorylation of both these sites generates the most rapidly-migrating Cdc2 isoform (Cdc2 OH). The proportion of Thr14-and/or Tyr15-phosphorylated Cdc2 determined by densitometry and expressed as a percentage of total Cdc2 is indicated (Cdc2 P %; mean of four independent experiments) p53 inhibits Cdc2 after irradiation ZE Winters et al in H1299tsp53 cells after IR. Irradiation of H1299tsp53 and subsequent incubation at 328C for 24 h led to the dramatic induction of p21
, as judged by immunoblotting (Figure 5a ), which was dependent on functional p53 as no such induction was seen in H1299neo. H1299tsp53 cells shifted to 328C for 24 h without irradiation (0 Gy) accumulated substantially less p21
, indicating that both irradiation and functional activation of p53 were required for maximal p21 WAF1/CIP1 induction. Cdc2 immunoprecipitation followed by immunoblotting showed that p21 WAF1/CIP1 was readily detectable through its association with Cdc2 in H1299tsp53 but not in H1299neo at 328C, 24 h after IR (Figure 5b ). In the converse experiment, Cdc2 was also readily detectable in immunoprecipitates of p21 WAF1/CIP1 (not shown).
A signi®cant level of histone H1 kinase activity was detected in p21
immunoprecipitates from irradiated H1299tsp53 cells (Figure 6a ), though this was lower than the activity detected in Cdc2 immunoprecipitates. In order to test the possibility that this p21 WAF1/CIP1 associated activity might derive from Cdc2, p21 WAF1/CIP1 was immunodepleted by three rounds of immunoprecipitation before Cdc2 immunoprecipitation and subsequent kinase assays (Figure 6b) . Quantitation of the Cdc2 kinase activities before and after p21
WAF1/CIP1 immunodepletion suggested that no signi®cant fraction of active Cdc2 was associated with p21 WAF1/CIP1 in irradiated H1299tsp53 cells. This was further substantiated by immunoblotting the cell lysate supernatants after either p21 WAF1/CIP1 immunodepletion or mock depletion (Figure 6c) , which showed that, Figure 3 H1299 cells expressing functional p53 are relatively refractory to expression of a mutant form of Cdc2 that is not subject to inhibitory phosphorylation. (a ± e) Asynchronous H1299neo (®lled bars) and H1299tsp53 (hatched bars) cells were transiently transfected with a plasmid (pCD2/CMV) encoding wild-type Cdc2 (Cdc2) or mutant Cdc2 (Cdc2 A14 F15) and also encoding a truncated rat CD2 cell surface marker. After washing to remove the calcium phosphate/DNA precipitate, cells either received 6 Gy irradiation (b, d, e) or were mock irradiated (a, c) before being seeded onto coverslips, incubated at 328C (a ± d) or 378C (e) and harvested 24 h later for anti-CD2 immuno¯uorescence and determination of Hoescht 33258-stained nuclear morphology. in irradiated H1299tsp53 cells.
p53-induced relocalization of Cdc2 and cyclin B1 in H1299 cells
Regulation of the biological activity of Cdc2/cyclin B heterodimers has been shown to involve their altered subcellular localization in HeLa cells. We therefore investigated the in¯uence of p53 status on Cdc2 and cyclin B localization as judged by immuno¯uorescence microscopy 24 h after irradiation (Figure 7) . Both Cdc2 and cyclin B1 were either predominantly or exclusively cytoplasmic in at least 90% of the H1299neo cells at this time (P=0.0002 and 0.01 for Cdc2 and cyclin B1 respectively), as might have been expected given the previously documented behaviour of these proteins in HeLa (Heald et al., 1993; Pines and Hunter, 1991) , another cell line lacking functional p53. In contrast, very few of the H1299tsp53 cells exhibited exclusively cytoplasmic staining for Cdc2 or cyclin B1, with approximately 50% showing strongly nuclear positivity (P=0.02; Figure 7i and j) . A signi®cant proportion of the H1299tsp53 cells contained nuclear Cdc2 and cyclin B1 24 h after shifting to 328C even in the absence of irradiation (Figure 7i and k) , indicating that activation of p53 in the absence of DNA damage is sucient to modify the subcellular distribution of these cell cycle regulatory proteins.
A role for p21
WAF1/CIP1 in the nuclear relocalization of Cdc2 and cyclin B1 after irradiation?
A recent study has highlighted a role for p21 WAF1/CIP1 in the promotion of assembly and translocation of cyclin D-Cdk4 complexes to the nucleus (LaBaer et al., 1997). Given that the nuclear relocalization of Cdc2 and cyclin B1 in the pair of H1299 transfectants appeared p53-dependent, we tested the capacity of transiently (lower panel) levels in aphidicolin-arrested (APH) H1299neo (7) and H1299tsp53 (+) cells at 378C or irradiated (6 Gy), released from the aphidicolin block and shifted to 328C for 24 h. Control H1299tsp53 cells were shifted to 328C for 24 h without irradiation (0 Gy). (b) Immunoblot analysis of Cdc2 and p21 WAF1/CIP1 in anti-Cdc2 immunoprecipitates (Cdc2 IP) from soluble extracts of H1299neo (7) and H1299tsp53 (+) cells that were presynchronized, irradiated and incubated for 24 h at 328C as described in Figure  1 . Cdc2 and p21 WAF1/CIP1 in the immunoprecipitates comigrate with the corresponding proteins in a whole cell lysate (wcl) p53 inhibits Cdc2 after irradiation ZE Winters et al expressed p21
to in¯uence Cdc2/cyclin B1 subcellular distribution (Figure 8) . By co-transfection of a plasmid bearing a WAF1/CIP1 cDNA driven by the CMV promoter with a plasmid encoding a rat CD2 cell surface marker we were able to achieve a level of p21 WAF1/CIP1 expression in H1299neo comparable to that seen in H1299tsp53 24 h after IR (Figure 8e ). Expression of CD2, which did not induce p21 WAF1/CIP1 expression itself, was used to identify transiently transfected cells and simultaneous immuno¯uorescent staining was used to monitor localization of Cdc2 and cyclin B1 24 h after irradiation. In the experimental protocol used, the majority of the cells had accumulated in G2 when they were processed for microscopy (not shown), presumably since the cells reached G2 before p21 WAF1/CIP1 levels were sucient to induce a G1 arrest. As in the untransfected cells (Figure 7) , both Cdc2 and cyclin B1 were mainly cytoplasmic in H1299neo transfected with the CD2 marker and a control plasmid (Figure 8a and c) . Transient expression of p21
WAF1/CIP1
in these cells led to a dramatic relocalization of Cdc2 (P=0.02) and cyclin B1 from the cytoplasm to the nucleus, as previously reported for Cdk4 and cyclin D in SAOS-2 cells (LaBaer et al., 1997) . Using this transient expression approach it was possible to elevate still further the already high level of p21 WAF1/CIP1 expression seen in irradiated H1299tsp53 cells (Figure 8e ). This appeared to accentuate the nuclear localization of Cdc2 and cyclin B1 in these cells (Figure 8b and d) , although unlike that seen in H1299neo this change was not statistically signi®cant by the stringent paired t-test used (P=0.09).
Discussion
The results described here con®rm that p53 can in¯uence the eciency of cell cycle arrest in G2, as well as in G1, and suggest that the molecular mechanism of G2 arrest promoted by p53 diers from previously described mechanisms. Arrest at the G2 checkpoint after exposure of cells to IR in early S phase was more protracted and less caeine sensitive in H1299 cells that expressed functional p53 than in control transfectants lacking p53 (Figure 1) . Similar results were obtained using UCN-01 (300 nM) instead of caeine (not shown). These data are consistent with the notion that drugs capable of overriding the DNA damage-induced G2 checkpoint arrest can be more potent in the absence of functional p53. Although we have not examined the eects of loss of G2 checkpoint control on long-term cell viability after irradiation of H1299 cells, the available evidence suggests that combinations of DNA damage and checkpoint-overriding drugs are likely to be preferentially cytotoxic towards cells in which p53 is functionally compromised (Fan et al., 1995; Powell et al., 1995; Russell et al., 1995; Wang et al., 1996; Yao et al., 1996) .
The extended radiation-induced G2 arrest in H1299tsp53 was accompanied by a marked lack of phosphorylation of Cdc2 at the inhibitory residues Thr14 and Tyr15 (Figure 2 ), yet the histone H1 kinase activity of immunoprecipitated Cdc2 was low, and the cells were truly in G2 as judged by chromatin morphology and intactness of the nuclear lamina (Figure 1 ). This result was unexpected, as phosphorylation of these inhibitory residues is generally held to be a fundamental aspect of the G2 DNA damage checkpoint arrest pathway. We conclude that a p53-responsive pathway operates to stabilize the protracted G2 arrest seen in irradiated H1299tsp53 cells, and that this pathway operates to block Cdc2 activity via a mechanism that does not require its phosphorylation at Thr14 or Tyr15. Caeine-induced override of the G2 arrest in H1299neo correlated with Cdc2 dephosphorylation (Figure 2) , suggesting that the drug might act to promote Cdc2 activation by this means. In this case, the caeine resistance of G2 arrest in H1299tsp53 could be due to the fact that Cdc2 is already dephosphorylated at Thr14 and Tyr15 in these cells, but is inactivated by some other, caeineinsensitive pathway. What, then, might be the p53-responsive mechanism of Cdc2 inhibition? One possibility would be that the Thr14-, Tyr15-dephosphorylated Cdc2 present in G2-arrested H1299tsp53 cells is also dephosphorylated at Thr161. Phosphorylation at this position, which is required for Cdc2 protein C Figure 6 Only a small fraction of total Cdc2 is stably associated with p21
. (a, b) Histone H1 kinase assays performed after anti-p21 WAF1/CIP1 (p21), anti-Cdc2 (Cdc2) and control immunoprecipitations using irrelevant antibodies from the same species (C) from lysates of H1299neo (7) and H1299tsp53 (+) cells 24 h after presynchronization and 6 Gy irradiation as described in Figure 1 . An autoradiograph of [ 32 P]phosphorylated histone H1 from a representative of four independent experiments is shown. The p21-depleted supernatants from the experiment shown in a were subjected to two further p21 immunoprecipitations and were ®nally subjected to an anti-Cdc2 (or control) precipitation and histone H1 kinase assay (b). (c) An aliquot of each ®nal supernatant was subjected to immunoblotting analysis of p21 WAF1/CIP1 (p21) and Cdc2 p53 inhibits Cdc2 after irradiation ZE Winters et al kinase activity and stabilizes the CDK-cyclin interaction, does not result in any electrophoretic mobility shift of the human Cdc2 protein in SDS ± PAGE (Norbury et al., 1991) . Alternatively, the nuclear Cdc2 and cyclin B1 may be inactivated by stochiometric interaction with a CDK inhibitor protein.
Although p21 WAF1/CIP1 would seem to be a possible candidate for this role, given its dramatic induction by p53 after IR, this possibility is not supported by our data, which show that only a small proportion of total Cdc2 is stably complexed with p21 WAF1/CIP1 (Figure 6 ).
We cannot rule out the additional possibilities that an as yet undetected CDK inhibitor becomes complexed with Cdc2 in a p53-responsive manner, or that some other mechanism is responsible for Cdc2 inhibition in irradiated H1299tsp53 cells. Equally surprising was the observed nuclear localization of Cdc2 and cyclin B1 in the G2-arrested H1299tsp53 cells 24 h after IR, as these proteins in HeLa cells (and in the p53-null H1299neo studied here) are predominantly cytoplasmic during G2. An indication of a possible mechanism through which activation Figure 7 Subcellular localization of Cdc2 and cyclin B1 in irradiated H1299 cells. Fluorescence microscopy of H1299neo (a ± d) and H1299tsp53 (e ± h) processed for Hoescht 33258 (DNA) staining (a, c, e, g) and Cdc2 (b, f) or Cyclin B1 (d, h) immuno¯uorescence. Pairs (a, b), (c, d) , (e, f) and (g, h) each show a dierent representative ®eld of cells that had been presynchronized prior to irradiation and shift to 328C for 24 h as described in Figure 1 . (i ± l) Graphical representation of subcellular localization of Cdc2 (i, j) and cyclin B1 (k, l) in unirradiated (i, k) and irradiated (j, l) H1299neo (®lled bars) and H1299tsp53 (hatched bars). Staining is classi®ed as nuclear (N), exclusively cytoplasmic (EC) or predominantly cytoplasmic (PC). Each determination used a minimum of 200 cells, and the data shown represent the mean of three independent experiments, +s.d. p53 inhibits Cdc2 after irradiation ZE Winters et al of p53 might promote nuclear translocation of Cdc2 and cyclin B1 came from a recent study of the eects of transient overproduction of p21 WAF1/CIP1 on CDK/ cyclin complexes (LaBaer et al., 1997) . These authors demonstrated that p21 WAF1/CIP1 could drive both the assembly of Cdk4/cyclin D complexes and their translocation to the nucleus, though at high levels of p21 WAF1/CIP1 its CDK inhibitory function predominated. Our data are consistent with a more general role for p21 WAF1/CIP1 in the mediation of nuclear translocation of CDK/cyclin complexes. Transient transfection of p21 WAF1/CIP1 was sucient to induce nuclear localization of Cdc2 and cyclin B1 in irradiated H1299neo cells to the same extent that was seen in H1299tsp53 transiently transfected with a control plasmid ( Figure  8 ). In the absence of transiently-expressed p21
only a minor fraction of the nuclear Cdc2 was stably p21
-associated in G2-arrested H1299tsp53 cells (Figures 6 and 7) . It follows that, if p21 WAF1/CIP1 does mediate the observed nuclear localization of Cdc2, this process does not seem to require protracted interaction between the proteins. Association of Cdc2 and . H1299neo and H1299tsp53 cells were transiently cotransfected with a plasmid (pCD2) encoding a truncated rat CD2 cell surface marker and either a plasmid (pCDNA3-p21) encoding p21 WAF1/CIP1 (p21) or a control plasmid (pCRSCRIPT). After transfection, cells were irradiated and seeded onto coverslips, incubated at 328C and harvested 24 h later for anti-CD2, anti-Cdc2 and anti-cyclin B1 immuno¯uorescence and Hoescht 33258-staining. Nuclei of CD2 + (and therefore transiently transfected) cells were classi®ed according to their Cdc2 and cyclin B1 localization into the following categories: nuclear (N), exclusively cytoplasmic (EC), predominantly cytoplasmic (PC) or equivocal (EQ). The data shown represent the mean of three independent experiments, +s.d. WAF1/CIP1 expression in lysates of H1299neo (7) and H1299tsp53 (+) cells transiently transfected with pCD2 and either pCDNA3-p21 (pCD2+p21) or pCRSCRIPT (pCD2+pCR) p53 inhibits Cdc2 after irradiation ZE Winters et al p21 WAF1/CIP1 has been reported previously (Beamish et al., 1996; Xiong et al., 1993) , but has not been a major focus of attention because p21 WAF1/CIP1 is a relatively inecient inhibitor of Cdc2 kinase activity as measured in vitro (Harper et al., 1993; Harper et al., 1995) . Interestingly, loss of p21
from CDK-cyclin complexes, including Cdc2-cyclin B complexes, was associated in one study with cellular transformation (Xiong et al., 1993) , which is at least in part equivalent to loss of p53 function. The precise nature and general applicability of p53 mediated pathways acting to inhibit Cdc2/cyclin B1 and to promote their nuclear localization await further investigation.
At 48 h after IR, the level of cyclin B1 in the G2-arrested H1299tsp53 cells was approximately twofold lower than that seen immediately after irradiation (Figure 2 ). Down-regulation of cyclin B1 appears to contribute to the G2 DNA damage checkpoint in p53-compromized HeLa cells (Kao et al., 1997 ), but we saw no reduction in cyclin B1 level up to 48 h after irradiation of the p53-null H1299neo (Figure 2 ). It seems unlikely that the comparative resistance of H1299tsp53 to transient expression of Cdc2A14F15 (Figure 3 ) was due to reduced availability of cyclin B, since cyclin B1 levels in H1299tsp53 were comparable to those seen in H1299neo in the absence of IR, and only fell signi®cantly at 48 h after irradiation ( Figure  2) . Furthermore, ectopically expressed cyclin B1 could not synergize with endogenous Thr14-, Tyr15-dephosphorylated Cdc2 to drive H1299tsp53 cells into catastrophic mitosis (Figure 4) . Together, these data suggest that, while cyclin B1 down-regulation may be a consequence of long-term activation of p53 after IR, this mechanism is unlikely to be the major basis for the enhancement of G2 arrest seen in H1299tsp53 cells.
Activation of temperature-sensitive p53 was associated with potentiation of etoposide-mediated apoptosis and relief of etoposide-mediated G2 arrest in one recent study (Skladanowski and Larsen, 1997) . The reason for this apparent discordance with our data is not clear at this stage, but it may be signi®cant that these authors were using a cell line that responded to p53 activation primarily by engaging the apoptotic machinery, rather than arresting the cell cycle. Apart from the undoubted genetical dierences between the cell lines used in the two studies, it is also likely that the physiology of cell cycle arrest mediated by IR diers substantially from that mediated by etoposide, a topoisomerase II inhibitor.
It is perhaps signi®cant that radioresistance in recurrent human squamous cell carcinomas was associated with preferential cytoplasmic localization of Cdc2 (Cohen-Jonathan et al., 1997) , while radiosensitive tumours had predominantly nuclear Cdc2 and Cyclin B. One clear possibility, drawing on our ®ndings reported here, would be that the radiosensitive group expressed functional p53, though p53 status of the squamous cell carcinomas was not reported. In this case the radiosensitivity of cells with nuclear Cdc2 staining might derive from a propensity for p53-dependent apoptosis, but it is likely that p53-mediated long-term arrest in G1 and/ or G2 could predominate in other cell types such as H1299.
Materials and methods
Cell lines, synchronization and irradiation H1299 p53-null human non-small cell lung carcinoma cells (ATCC) were stably transfected with pCMVneo and pCMVtsp53 (a plasmid kindly provided by John Jenkins, Marie Curie Research Institute, in which expression of human p53 Ala138>Val is driven by the human cytomegalovirus immediate early promoter) as described previously (Sandri et al., 1996) , and were grown in RPMI-1640 medium supplemented with 10% foetal bovine serum (Sigma), 100 units/l penicillin, 50mg/ml streptomycin and 800 mg/ml G418 sulphate (Life Technologies). Cells were maintained in humidi®ed incubators with a 5% CO 2 atmosphere at 378C for routine culture and aphidicolin synchronization. The cells were free from mycoplasma contamination as judged by staining of ®xed (70% ethanol) cells with Hoescht 33258.
In some experiments cells were synchronized in early S phase prior to irradiation by the addition of aphidicolin (Sigma) from a 2 mg/ml stock in DMSO to a ®nal concentration of 1 mg/ml. After 17 h, cells were released from the aphidicolin block by washing twice with phosphatebuered saline (PBS) and were collected by trypsinization. Cells were irradiated in suspension in 15 ml centrifuge tubes (Falcon) using a Gammacell 1000
137
Cs g-irradiator (Atomic Energy Corporation, Canada) at a dose rate of 3 Gy/min at room temperature. Unirradiated controls were treated identically in every respect except for exposure to the radiation source. After irradiation, cells were plated at a density of 1.5 6 10 4 per cm 2 and grown at 328C or 378C either in 9 cm plastic dishes or, for microscopic analyses, on sterile glass coverslips and were harvested at intervals for¯ow cytometry, immunoblotting and microscopy. In some experiments caeine (Sigma, dissolved directly in complete medium to a ®nal concentration of 4 mM and ®lter sterilized), UCN-01 (kindly provided by Dr E Sausville, NCI, Bethesda, added from a 300 mM stock in DMSO to a ®nal concentration of 300 nM), or nocodazole (Sigma, added from a 1 mg/ml stock in DMSO to a ®nal concentration of 0.4 mg/ml) were added between 24 and 48 h after irradiation.
Flow Cytometry
10
6 cells per time point were trypsinized, collected by centrifugation (1000 g, 5 min), washed once with PBS and then ®xed for 30 min in 2 ml 70% ice-cold ethanol, added while vortexing. After ®xation, cells were collected by centrifugation (1000 g, 5 min) and rehydrated in 4 ml PBS before being resuspended in 1 ml of PBS containing propidium iodide (Sigma, 40 mg/ml) and RNAse A (Sigma, 100 mg/ml). After gating out small debris on the basis of forward light scatter, red¯uorescence was measured by¯ow cytometry (FACScan, Becton Dickinson) for 10 000 cells per sample. Analysis of the data was performed using Lysys II and CellQuest software.
Antibodies
The anti-lamin B monoclonal LN43 (kindly provided by Prof EB Lane) and anti-p53 monoclonal DO-1 (Vojtesek et al., 1993) were used as hybridoma supernatants at a dilution of one in 10 for immunoblotting and immunouorescence. Monoclonal antibodies against Cdc2 (A17; Kobayashi et al., 1992) and cyclin B1 (V152), kindly provided by Dr Julian Gannon (ICRF, Clare Hall), were both used as protein A-puri®ed immunoglobulins at a ®nal concentration of 1 mg/ml for immunoblotting and immunouorescence. A rabbit polyclonal antiserum (Rab 4) raised against a peptide corresponding to the C-terminal 8 amino acids of Cdc2 (kindly provided by Dr Pete John, ANU, Canberra, Australia) was used at a dilution of one in 300 p53 inhibits Cdc2 after irradiation ZE Winters et al for immunoprecipitation. An anti-p21 WAF1/CIP1 monoclonal mixture (Upstate Biotechnology) was used at 1 mg/ml for immunoblotting and immunoprecipitation. Horse radish peroxidase-conjugated rabbit anti-mouse IgG (DAKO) was used as secondary antibody for immunoblotting at a dilution of one in 500. For immuno¯uorescence, transfectants expressing truncated rat CD2 were identi®ed using FITC-conjugated monoclonal anti-rat CD2 (OX-34, PharMingen) used at 2.5 mg/ml. For immuno¯uorescent detection of Cdc2, cyclin B1 and lamin B a Cy3-conjugated anti-mouse IgG secondary antibody (Sigma) was used at a one in 200 dilution.
Immunoblotting and immuno¯uorescence
Immunoblotting was performed according to standard techniques as described (Ausubel et al., 1995) . Total cell lysates were separated by SDS ± PAGE and transferred onto nitrocellulose membranes (Hybond ECL, Amersham). Proteins were detected using enhanced chemiluminescence (ECL, Amersham) following 1 h incubations at room temperature with the respective primary and secondary antibodies. Immuno¯uorescence, using cells grown on coverslips, was carried out exactly as described previously (O'Connell et al., 1994) .
Immunoprecipitation
Immunoprecipitation was performed essentially as described previously (Norbury et al., 1991) . Brie¯y, precleared cell lysates prepared in lysis buer (20 mM Tris pH 7.4, 5 mM EDTA, 100 mM NaCl, 1% Triton X-100) plus protease inhibitor cocktail (Complete, Boehringer Mannheim) were incubated with primary antibodies for 1 h on ice, followed by the addition of 0.1 vol of a 50% suspension of protein A Sepharose (Sigma) for the Cdc2 immunoprecipitation or protein G Sepharose (Sigma) for p21
WAF1/CIP1
and cyclin B1. After adsorption of the immunoglobulins to the beads by incubation at 48C on a rotating wheel for 30 min, immune complexes were washed four times in lysis buer. The immunoprecipitated proteins were boiled in 2 6 SDS sample buer and subjected to separation by SDS ± PAGE (Ausubel et al., 1995) . Immunodepletion of p21 WAF1/CIP1 was performed by subjecting the supernatant taken after adsorption to protein G Sepharose to two further rounds of primary antibody and protein G Sepharose incubation.
Histone H1 kinase assays
Clari®ed lysates from 10 6 cells were standardized for protein content using the BCA assay (Pierce) and processed for anti-Cdc2 immunoprecipitation as described above. For anti-p21
immunoprecipitate kinase assays, 3 6 10 6 cells were used. After four washes in lysis buer, beads were washed once in histone buer (Moreno et al., 1989) and histone H1 kinase activity was determined exactly as described previously (Norbury et al., 1991) . Phosphorylated [ 32 P]histone H1 was visualized by autoradiography after overnight exposure to XAR-5 ®lm (Kodak) and was quanti®ed by scintillation counting of excised, Coomassie blue stained histone bands. Controls were performed in parallel using normal rabbit serum (in the case of Cdc2 immunoprecipitations) or anti-CD2 (OX-34) as an irrelevant antibody (in the case of antip21 WAF1/CIP1 immunoprecipitations). Lysates depleted of p21 WAF1/CIP1 as described above and mock (OX-34) depleted lysates were assayed for Cdc2 histone H1 kinase activity in exactly the same way.
Plasmids and transfection
cDNAs encoding human Cdc2 (Lee and Nurse, 1987) , the A14F15 mutant (Norbury et al., 1991) and cyclin B1 were each inserted immediately downstream from the human cytomegalovirus (hCMV) immediate early promoter region in the vector pCD2/CMV as described previously (O'Connell et al., 1994) . In this plasmid the truncated rat CD2 cell surface marker is expressed from the SV-40 early promoter. In some experiments the same CD2 cDNA was expressed from the CMV promoter in the plasmid pCD2, which was co-transfected either with pCRSCRIPT (Stratagene) as a negative control or with a plasmid (pCDNA3-p21) consisting of the human WAF1/CIP1 cDNA cloned into the vector pCDNA3 (Invitrogen; kindly provided by David Mann, ICRF, London).
Transient transfection was performed using the calcium phosphate co-precipitation method (Graham and Van der Eb, 1973 ) and a total of 20 mg DNA in 1 ml of precipitate per 9 cm dish (10 6 cells). In some experiments, cells were irradiated immediately after washing o the calcium phosphate/DNA co-precipitate with PBS containing 2 mM EDTA, before being seeded onto glass coverslips.
